
Abstract The elution orders and predicted coelutions of
all 209 PCB congeners were obtained for 27 HRGC-ECD
or HRGC-MS systems comprising 20 different stationary
phases. The resultant database facilitates selection of the
columns most suitable for developing particular compre-
hensive, quantitative, congener-specific PCB analyses,
the design of the minimum number of congener mixtures
needed to calibrate such analyses, and the testing of reten-
tion prediction algorithms based on structure relationships
of GC phases and congener substitution patterns.

Introduction

Polychlorinated biphenyls (PCBs) in samples analyzed
for environmental and regulatory purposes usually consist
of complex mixtures of up to half or more of the 209 pos-
sible different chlorine-substituted biphenyl congeners,
derived from technical mixtures (e.g. Aroclors [1, 2],
Clophens, Kanechlors etc.). Additional congeners may be
encountered in samples where processes such as pho-
tolytic, microbial, thermal or chemical dechlorination, or
metabolism in higher animals have acted upon the initial
distribution in a technical mixture [3]. Regulatory analy-
sis requirements are sometimes limited to quantitation as
total amount of PCB [4], as amounts of specific technical
mixture distributions [5], or as separate amounts of speci-
fied small subsets of individual priority congeners [6, 7].

Many research applications, particularly those investigat-
ing the alteration processes listed above, require compre-
hensive, quantitative, congener-specific (CQCS) analyses.

The methods of choice for many of the regulatory as
well as CQCS analyses employ high resolution gas chro-
matography (HRGC) on capillary columns with selective,
sensitive detection by electrolytic conductivity detectors
(ELCD), electron capture detectors (ECD) or selected-ion-
monitoring mass spectrometry (MS-SIM). CQCS analy-
ses by HRGC are defined here as those in which the goal
is to have all congeners present correctly assigned to the
peaks in which they elute, and to quantify the PCB con-
tent in each resolved peak against an appropriate standard.
When MS-SIM detection is used, coeluting PCB con-
gener homologs of differing chlorine number may some-
times be separately quantified as well. Larsen has recently
provided a lengthy and comprehensive review of the
HRGC separation of PCB congeners [6]. No single col-
umn can resolve all 209 congeners, or even all those typi-
cally encountered in applications requiring CQCS meth-
ods. Larsen’s laboratory has identified columns (series
coupled HT-5/DB-5 [8, 9], HT-5 [10, 11], and HT-8 [12])
with favorable resolution performance for quantitating
specific subsets [6, 7], and these papers describe the elu-
tion of many additional congeners on these columns. Elu-
tion orders for all 209 congeners have been published for
an SE-54 capillary [13], the non-polar Chrompack CP-Se-
lect for PCBs capillary [14], and the 007-ODP (40% oc-
tadecyl-, 15% phenyl, methyl-silicone) phase [15]. Exten-
sive congener assignments have been made to peaks from
Aroclor mixtures eluting from highly polar Sil-88 (50%
cyanopropyl-, 50% phenyl- polysiloxane) [11], as well as
to capillary columns coated with phases equivalent to
those discussed in this paper [1, 9, 11, 12, 13, 15, 16, 17,
18, 19, 20, 21, 22; cf, Table 1A].

In earlier years most analysts did not have ready access
to standards of all 209 PCB congeners to assign them to
HRGC peaks and to calibrate CQCS analyses. More com-
monly, technical mixtures (usually Aroclors) were em-
ployed, and peak assignments for unavailable congeners
were estimated by a variety of quantitative structure-ac-
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tivity relationship models [6, 14, 23, 24, 25, 26]. These
were sometimes sufficient to provide a correct assign-
ment, but none consistently predicted retention times to
an accuracy of ~ ± 0.2% relative, which may be necessary
to establish resolution and elution order of the closest re-
solvable pairs. This problem is particularly acute when
congeners not usually present in the technical mixtures
appear and must be measured. All 209 congeners are now
available from commerical distributors of standards, but it
is still an expensive and time-consuming process to obtain
them and to check a variety of HRGC columns to find the
optimal one(s) for particular CQCS analysis requirements.

To aid in this process, the author assembled and orga-
nized a consortium of laboratories (cf. Table 1A and Ac-
knowledgements) to acquire complete retention informa-
tion on all 209 congeners on 27 HRGC systems compris-
ing 20 distinct stationary phases. Additionally, the amounts
of detectable congeners in 6 Aroclor mixtures were mea-
sured on 18 of these systems against the individual stan-
dards to provide semiquantiative congener distributions
[2]. The purpose of this paper is to present an abbreviated
retention database for 17 of the stationary phases (plus
one additional octyl system) and discuss its usefulness in
designing CQCS PCB analyses.

Experimental

Individual stock standard solutions of all 209 PCB congeners in
1.0 ml ampoules at 100 µg/ml in isooctane were purchased from
AccuStandard Inc. (New Haven, CT, USA). The synthesis, purity,
and spectroscopic and chromatographic properties of the con-
geners have been documented [15]. Six ampoules each containing
one of Aroclors 1221, 1016, 1242, 1254, 1260, and 1262 at 1000
µg/ml in isooctane, and crystalline decachlorobiphenyl internal
standard (I.S.) were purchased from the same source. Internal stan-
dard 2-fluorobiphenyl (2F-BP) was purchased from Aldrich
Chemical Company, (Milwaukee, WL, USA). Using PCB reten-
tion data from SE-54 [13], SB-octyl-50 [17, 18], and DB-1 [3] cap-
illary columns as a guide, the 209 congeners were divided among
30 isooctane solutions by precisely pipetting 7 of the stock con-
gener solutions plus stock solutions of both internal standards to
25 ml volumetric flasks to produce mixtures of 9 components each
at 4 µg/ml, designed to elute at broad, evenly-spaced intervals. The
6 Aroclor solutions were likewise prepared at 40 µg/ml, with the 2
internal standards at 4 µg/ml, as well as blank isooctane solvent
with the 2 internal standards. Consortium labs employing MS-SIM
detection received 1.0 ml aliquots of the 37 solutions in amber,
Hewlett-Packard autosampler vials capped with red-top, teflon-
lined, crimp-top seals. Because of the superior absolute sensitivity
and more limited dynamic range of ECDs, labs employing these
detectors received solutions sets diluted 12.5-fold to 0.32 µg/ml of
congeners and internal standards and 3.2 µg/ml of Aroclors.

Mixture 3 contained PCBs 52 and 180, and it was reinjected af-
ter every 6th sample in the injection sequence of 37 samples. Fol-
lowing Ballschmiter [17, 18], relative retention times (RRTs) for
all peaks were calculated against the sum of the retention times
(RTs) of PCBs 52 and 180, and the values were adjusted by inter-
polation for any observed consistent drift observed from the re-
peated injections of Mix 3. These 2 external RRT standards eluted
in the middle of the first and last halves of the range of congener
elutions, and their separate injection avoided any coelution with
other congeners on the wide variety of columns tested. They were
superior for this purpose to the internal relative response factor
(RRF) standards, which eluted at either extreme of the range. Indi-
vidual congener ECD RRFs were calculated against the PCB 209

(decachlorobiphenyl) I.S., while MS-SIM RRFs were calculated
against both I.S.’s, and the I.S. providing the most stable ratios was
used for subsequent calculations. To assess system resolution, an-
alysts were requested to measure the peak widths at half height
(W@1/2H) of the two RRT external standard congeners.

Elution data were acquired for the 27 systems described in
Table 1A. Analysts in the consortium were instructed to optimize
linear flow velocity and temperature programs to ensure elution of
all congeners during the slow temperature ramp. System tempera-
ture programs and carrier gas flow parameters are displayed in
Table 1B. System 3 employed full-scan, ion-trap, mass-spectro-
metric detection using a Varian Saturn ion-trap GC-MS; all other
GC-MS systems employed a uniform SIM acquisition on Hewlett-
Packard 5971 or 5972 bench-top instruments. Analysts were in-
structed to acquire SIM data in 5 groups of 4 masses, each with
dwell times resulting in 5 acquisition cycles per second. The 4
masses in the groups, and the group acquisition times were ad-
justed to ensure measurement of all congeners eluting within the
windows at either their M+, M++2, or M++4 masses; namely,
172.0, 188.0, 221.9, 255.9, 291.9, 325.8, 359.8, 395.8, 429.7,
463.7, and 497.7 atomic mass units for 2F-BP internal standard,
and chlorobiphenyls with 1 to 10 chlorines, respectively. Members
of the consortium submitted peak RTs and areas obtained from
their instruments’ data systems for the I.S.’s, 208 congeners in the
30 mixes [congener 209 was used as I.S.], and the 6 Aroclors, via
Excel 4.0 (Microsoft Inc., Redmond, WA, USA) spreadsheets to
the author, who reduced, checked and edited the information for
incorporation into the database.

Results

The procedures for and results of the determination of
congener distributions in the 6 Aroclors are reported in
the 2nd paper of this study [2]. To save space, 18 of the 27
systems listed in Tables 1A and 1B were selected for dis-
play of an abbreviated retention database in Table 2. Sys-
tems 2, 3, 5, 7, 9, and 23 were omitted since their station-
ary phase was represented in another system. Systems 18
and 19 were omitted since unusually large peak widths led
to prediction of excessive numbers of congener coelu-
tions. System 25 employed an experimental phase not
commercially available, while that of 26 may be marketed
by J&W Scientific. Two SB-octyl systems (4 and 6) were
chosen from four available to illustrate the greatest vari-
ability among systems of the same phase. The complete
retention database for all 27 systems in both the format of
Table 2 and also listed in order of IUPAC congener num-
ber is available as supplementary material (see below).

The response factors relative to the I.S.’s for each con-
gener in each system (RRFs) were compiled and are avail-
able in the supplementary material. These varied substan-
tially among the instruments employed in the different
systems. The mean value (for all congeners in the ho-
molog group(s)) of the percent relative standard devia-
tions of the means of RRF values for 11 ECD systems, for
the least sensitive mono- and dichlorobiphenyls was ± 63%,
and this degree of variation decreased smoothly with in-
creasing chlorination to a value of ±18% for octa- and
nona-chlorobiphenyls. For 6 MS-SIM systems the corre-
sponding values for RRFs vs 2F-BP followed the opposite
trend, ranging from ± 12% to ± 42%, as expected from the
opposite relation of MS-SIM response to chlorine num-
ber. While the RRFs for individual systems were useful
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for quantifying Aroclor congeners with them, the extent
of variation serves to emphasize the danger of quantita-
tive error in using published values instead of acquiring
them against suitable standards on the analyst’s own

system. Therefore the RRF database is not presented
here.

Table 2 displays the elution order of all 209 congeners
on the 18 systems starred in Tables 1A and 1B. These are
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listed as pairs of IUPAC congener numbers and relative
retention times. The numbers for congeners 107, 108,
109, 199, 200 and 201 in this paper are derived according
to Guitart et al. [27], and they differ from the correspond-
ing numbers assigned by Ballschmiter and Zell [28] as
108, 109, 107, 201, 199 and 200, respectively. See the 2nd
paper [2] for assignment of chlorine substitution patterns
to the congener numbers. IUPAC numbers of congeners
reported in that paper to be present in any of Aroclors
1242, 1254 or 1260 above 0.05 weight% are displayed in

Table 2 in bold face, and those above 1.0 weight% with
bold underline.

The peak widths at half height (W@1/2H) of PCBs 52
and 180 were used to estimate W@1/2H for all other con-
geners by linear interpolation and extrapolation vs RT
from the values of that pair. Studies of the Aroclor chro-
matograms from systems 1, 2, 4, 8 and 12 indicated that
peaks could just be resolved and individually quantitated
by instrument data systems if they eluted at or greater than
one W@1/2H unit apart (with the exception of minor peaks
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Table 1B GC column injection, column pressure and temperature parameters



705

Table 2 Congener elution orders (PCB IUPAC # and relative retention time vs (52 + 180))
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Table 2 (continued)
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eluting closely after a tailing major peak). This criterion is
less exacting than one requiring baseline separation of
peaks, which produces the most accurate quantitation. An
Excel 4.0 spreadsheet was programmed to predict con-
gener coelutions and separations in each system based on
the former, less strict, criterion. These are indicated in
Table 2 by enclosing the coeluting congener numbers in a
box. The potential for coelution with congeners not sig-
nificantly present in Aroclors will not affect quantitation
of significant Aroclor components in an Aroclor distribu-
tion which has not been subjected to a dechlorination
process which produces non-Aroclor congeners. MS de-
tection can often enable separate quantitation of coeluting
homologs of different chlorine number in Aroclors. In
front of the bold-faced Aroclor congener numbers in the
predicted coelution boxes for each system in Table 2, the
symbol # indicates coelution with another Aroclor con-
gener of the same chlorine number, unresolvable by either
ECD or MS detection. The symbols < or > indicate re-
spectively the higher or lower homologs in a coeluting
group which may possibly be quantitated using MS detec-
tion if the relative proportions are suitable. The totals for
each system of Aroclor congeners flagged by #, either < or >
(possibly measurable by GC-MS), and by all 3 symbols
(not resolvable by ECD or ELCD) are summarized for
each system in Table 1A. The elution time of PCB 209
displayed in the last column of that table is an indication
of the system’s total analysis time.

Discussion

There were no close elutions or inversions of expected
elution order in the 30 mixtures of 6 or 7 congeners on all
systems except for highly polar phases in systems 23, 26,
and 27. Mass spectral information was necessary to com-
plete congener assignments to peaks for those three, whose
radical variations from other phases in the elution orders
of PCBs are illustrated by the elution of some congeners
after PCB 209. Note their much higher relative retention
of non-ortho-chlorine-substituted congeners 77, 81, 126,
169 etc. Phases of this type may prove useful as the sec-
ond column in a method employing the newly developed
technique of comprehensive 2D-HRGC for CQCS PCB
analysis [29], and the database illustrated by Table 2 en-
ables facile predictions of the likely congener resolutions
achievable with different pairs of columns in such a
method.

Changes of the parameters of column dimensions, sta-
tionary phase film thickness, carrier gas (H2 vs He) pres-
sures and flow rates, and column temperature programs,
can all affect both the calculated relative retention times
(RRTs) and the resolvability of congeners [6]. Therefore
the congener resolvability flags in Tables 2 and 1A serve
only as a guide to what might be achievable with a partic-
ular column, and congener identification should not be at-
tempted solely by matching the listed numerical values of
RRTs. The size of the percentage difference between the
RRTs of congener pairs to be resolved is the best measure

of the suitability of a particular column for the task. As an
example, analysts seeking to measure the trace amounts
of important non-ortho-substituted congeners in Aroclors
without preseparation might select system 17 to measure
PCB 77 (separated on either side from PCB 110 by 1.15%
and PCB 151 by 0.57%). When a duplicate column was
purchased and PCBs were analyzed under closely similar
conditions, non-ortho-substituted PCB 81 eluted after
PCB 85, and PCB 77 moved closer to PCB 151, being
barely resolvable by only 0.23%). Such variability is an
unfortunate feature of cyanopropyl-substituted silicone
phases such as systems 17, 18, and 27 [9]. In system 20,
PCB 77 was predicted to be just resolvable from PCB
144, but the separation of only 0.11% resulted in an in-
ability to measure it in Aroclors 1254, 1260 or 1262,
where its peak merged with the much higher levels of
PCB 144. In lower Aroclors, the much smaller amounts of
PCB 144 permitted measurement of PCB 77 with system
20, after subtraction of the small amount of interfering 2-
chlorine-loss fragment signal from PCB 144. System 20
elutes PCB 126 0.67% after minor Aroclor PCB 166,
while it would coelute with PCB 159, which is not de-
tected in Aroclors, and which could be confirmed as ab-
sent by MS monitoring of its more massive molecular ion.
Table 2 facilitates rapid evaluations in this fashion for dif-
ferent lists of priority congeners to select the best col-
umn(s) for detailed study and method optimization. Its
complete congener listings are especially valuable for de-
signing CQCS PCB analyses which must deal with “non-
Aroclor congeners” derived from processes such as Aro-
clor dechlorination.

The complete 27 column database contained 4 cases of
more than one column of a given stationary phase struc-
ture (3 DB-1, 4 SPB-Octyl, 2 CP-Sil5-C18, and 2 CNBP).
Of these Table 2 displays only Systems 4 and 6 for SPB-
Octyl. A close comparison of this pair illustrates both that
the values of RRTs differ substantially, as expected for
different column dimensions and chromatographic condi-
tions, and that there are small but significant differences
in the exact elution orders and resolvabilities of some con-
gener pairs (e.g. PCBs 70 and 74). Similar differences
were observed between systems 8 and 9, and between 23
and 26, while the 3 polydimethylsiloxane phases (systems
1, 2, and 3) behaved more reproducibly. These observa-
tions reinforce the recommendation of the database pri-
marily as a guide to column selection prior to precise cal-
ibration of the selected system with congener standards in
the analyst’s lab.

The most suitable column for a PCB analysis will de-
pend on the application and the congeners which must be
measured. For CQCS analyses to most completely charac-
terize congener distributions in Aroclors, pairs of columns
employed by 3 labs proved particularly comprehensive;
namely, GE-CRD (systems 1 or 2 and system 4), HWRIC
(systems 3 and 6 [same phases as 1st pair]), and Chrom-
pack (systems 8 and 12). Two phases were particularly ef-
fective for CQCS analyses when used singly with MS-
SIM detection to permit quantitation of coeluting ho-
mologs of differing chlorine number. The DB-XLB col-
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umn (system 20) is seen in Table 1A to have an unusually
low number of predicted Aroclor coelutions. A close in-
spection in Table 2 of those in which different homologs
coelute, and reference to congener weight percents in
Table 2 of the 2nd paper [2], reveal that in most cases the
minor component is the heavier congener, thus measur-
able by MS without interference, and producing negligi-
ble M+ – 1 Cl fragment ion to interfere with the major
component. As mentioned above, important congener 126
is well resolved on this column. It permits measurement
of 21 of 28 microbial meta- and para-dechlorination
products [30] different or elevated from congeners in Aro-
clors 1254 or 1260, even in the presence of lower Aro-
clors. It resolves 10 of 12 coplanar non- or mono-ortho-
chlorine substituted PCBs [31]. While the predicted num-
ber of coelutions in Table 1A would not flag the HT-8 col-
umn (system 22) as superior to others, Larsen et al. [12]
have published detailed Aroclor resolution information,
mainly confirmed in this study, which suggests that it is
particularly suitable for CQCS analyses which require
maximum resolution of sets of priority congeners [6, 7]
from other Aroclor congeners. In particular HT-8 resolved
important priority hexachlorobiphenyl congeners 153
from 132, and 138 from 163, 164 while DB-XLB did not.
Again the choice depends on the application. Both these
phases were developed to have very low bleed over a
wide temperature range for employment in GC-MS sys-
tems.

Compare in Table 1A the isomer resolution perfor-
mance between systems 14 and 15, which used closely
similar stationary phases, but different column dimensions
and chromatographic conditions. System 15 is predicted
to resolve 8 more isomers plus 3 more different homolog
pairs at the cost of a more than 3-fold longer analysis
time. A similar comparison among systems 1, 2 and 3,
and among systems 4, 5, 6 and 7 is likewise instructive for
evaluating performance vs analysis time tradeoffs.

Based on the resolvability of Aroclor congeners sum-
marized in Table 1A and historical application to CQCS
PCB analyses, 12 of the 20 phases were nominated as
most important for this application, and their systems are
enclosed in boxes in the table. Starting with systems 1, 4,
11, and 20, Aroclor congeners (bold in Table 2) and non-
Aroclor congeners were separately assigned to a mini-
mum number of mixtures allowing substantial separation
in elution times in each mixture for all 4 columns. A
spreadsheet macro program was developed to rapidly cal-
culate the separations in W@1/2H units of congeners as-
signed to each mixture for all systems in the database.
Congeners were then iteratively reassigned among the
mixtures to minimize the number of “close elutions”, (de-
fined as pairs of congeners within a mixture predicted to
elute within 6 W@1/2H units on any of the 12 selected
phases). This separation was chosen to allow for the
amount of variation in relative elution times for congeners
observed among different systems employing the same
stationary phase. To minimize the number of mixtures re-
quired, some minor Aroclor congeners were assigned to
the non-Aroclor mixtures, and some non-Aroclor con-

geners to the Aroclor mixtures. Eventually 5 mixtures of
144 mainly Aroclor congeners and 4 mixtures of 65
mainly non-Aroclor congeners were defined with an ac-
ceptably low number for the 12 phases of residual “close
elutions”, which are tabulated in Table 1A. To have elim-
inated all close elutions for the 12 phases would have re-
quired more than double the number of mixtures. When
used with the elution information in Table 2, injection of
the first 5 mixtures on an HRGC system would enable as-
signment and quantitative calibration for significant Aro-
clor congeners, while injection of the additional 4 mix-
tures would complete the process for all 209 congeners.
Initial column “M #” in Table 2 associates the assignment
to mixture number of each congener with its IUPAC num-
ber listed in the adjacent column for system 1. Solutions
of the 9 calibration mixtures formulated according to this
scheme are available from AccuStandard, Inc (New
Haven, CT, USA), together with elution orders of the con-
geners in each mixture on each of the stationary phases in
this retention database (also included in supplemental ma-
terial, see below). 

The database provides a rich trove of retention data to
thoroughly test QSAR-based HRGC retention prediction
algorithms for PCB congeners [6, 14, 23]. Its availability
renders such programs largely unnecessary for CQCS
PCB analyses on the stationary phases reported. If suffi-
cient predictive accuracy can be demonstrated, the algo-
rithms may be useful for predictions on systems not in the
database. The need in some instances for extremely accu-
rate predictions to identify resolution and elution order for
close pairs suggests that use of the 9 congener calibration
mixtures with MS-SIM detection might be more efficient
for this purpose, as well as providing absolute quantitative
standards. However, the lack of reference retention orders
for the mixtures on these systems would probably require
injections of some additional single congener standards to
resolve uncertainties in assignments. If adequately vali-
dated against the PCB retention database, and applied to
compounds of similar functionality such as chlorinated
dioxins, dibenzofurans, diphenyl ethers, etc., the predic-
tive programs may find their greatest usefulness in cir-
cumstances where complete congener standard sets are
still not readily available.
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